Introduction
Cyclodextrins (CD) are central macrocycles in modern supramolecular chemistry. [1] [2] [3] [4] The most common native cyclodextrines are made of six (aCD), seven (bCD) or eight (gCD) a-dglucopyranosyl units connected by a-(1!4)-glycosidic linkages. Their general three-dimensional architecture is of funnellike geometry, with a narrower opening (primary face) shaped by the H-bonding network built by the -CH 2 OH side groups (one group per glucose unit), and with a broader opening (secondary face) with shorter -OH hydroxylic side groups (two groups per glucose unit). This is illustrated in Figure 1 , which shows the most stable C 6 symmetric conformation of the isolated aCD. While the two rims of the native cyclodextrines are strongly polar, the interior of the cavity is hydrophobic. This makes CDs versatile substrates for inclusion chemistry in aqueous solution and constitutes the basis of numerous applications. [4] [5] [6] [7] The complexation of a given CD/guest pair is determined by the balance between the inter-and intramolecular interactions (dispersive attractions, hydrogen bonding and hydrophobic effects) and the steric effects due to guest size and geometry.
Fundamental insights into the mechanisms driving inclusion chemistry can be obtained by elucidating the structure of host-guest complexes under well-defined environmental conditions in the gas phase. The strength of this microscopic "bottom-up" approach relies on the close link with quantum chemistry derived from the accurate definition of the molecular system. This kind of studies has benefited from remarkable developments in modern spectroscopy and mass spectrometry techniques. [8, 9] Benchmark investigations of isolated cyclodextrin complexes, while relatively scarce, have led to significant advances in the understanding of the conformational conThe benchmark inclusion complexes formed by a-cyclodextrin (aCD) with alkali-metal cations are investigated under isolated conditions in the gas phase. The relative aCD-M + (M = Li + , Na + , K + , Cs + ) binding affinities and the structure of the complexes are determined from a combination of mass spectrometry, infrared action spectroscopy and quantum chemical computations. Solvent-free laser desorption measurements reveal a trend of decreasing stability of the isolated complexes with increasing size of the cation guest. The experimental infrared spectra are qualitatively similar for the complexes with the four cations investigated, and are consistent with the binding of the cation within the primary face of the cyclodextrin, as predicted by the quantum computations (B3LYP/6-31 + G*). The inclusion of the quantum-chemical cation disrupts the C 6 symmetry of the free cyclodextrin to provide the optimum coordination of the cations with the -CH 2 OH groups in C 1 , C 2 or C 3 symmetry arrangements that are determined by the size of the cation. straints and interactions responsible for the selective inclusion of specific guests. Lebrilla and coworkers explored the gasphase chemistry of cyclodextrins with mass spectrometric ion trapping techniques. [9] Their studies focused on specific aspects such as enantiomeric selectivity [11, 10] or the stabilization of zwitterion forms of aminoacids upon complexation. [12] More recent studies have employed amino acids fragmentation mass spectrometry to investigate cyclodextrin complexes with small organic molecules. [13] [14] [15] A number of computational studies have served as support to the experimental investigations, leading to the general picture that isolated native cyclodextrins adopt symmetric conformations with extensive hydrogen bonding networks in their primary and secondary hydroxyl rims. [15] [16] [17] [18] [19] [20] [21] [22] [23] The coordination of a guest with the cyclodextrin must then compensate for the disruption of such a set of intramolecular hydrogen bonds.
This work focuses on the gas-phase complexes formed by aCD with the metal cations of the alkali series. These complexes constitute valuable benchmark models to probe the conformational properties of cyclodextrins. In addition, they are helpful to explore potential selective effects induced by the presence of alkali cations bound to the substrate on the formation of complexes with anionic organic guests. [24] The study intends to provide new insights into some fundamental issues that remain unresolved and have been under discussion in recent years, [25] [26] [27] [28] [29] such as the basic question of the cation binding site that provides the optimum coordination with the cyclodextrin and its relation with the relative cation affinities of this substrate. The possible binding sites of the cation are represented schematically in Figure 1 and are discussed throughout the paper. The investigation combines laser desorption/ ionization applied to solvent-free samples, infrared spectroscopy of complexes isolated in an ion trap and quantum chemical computations. Details of the methodology are provided in the following Section.
Methods

MALDI Mass Spectrometry and Sample Preparation
Matrix-assisted laser desorption/ionization (MALDI) experiments were performed with an UltrafleXtreme spectrometer (Bruker-Daltonics) in the positive ion reflectron mode. For each spectrum, 2000 laser shots were averaged at a 1 kHz repetition rate (355 nm nanosecond pulses from a Nd:YAG laser). Mass calibration was performed with a mixture of polar polymers (polydispersed polyethylene glycol with average molecular weights of ca. 600 and 1000, Sigma-Aldrich).
The determination of gas-phase host/guest affinities with MALDI is not a trivial task. Since solvent effects can modify the relative intensities of different cyclodextrin complexes observed in MALDI spectra, solvent-free approaches (SF-MALDI) become essential when dealing with gas-phase affinities. [30, 31] Under solvent-free conditions, the interaction between the cyclodextrin and the cation takes place primarily in the gas phase, after the initiation of the laser desorption process. In a typical SF-MALDI experiment, the cyclodextrin, the cation precursors and the MALDI matrix are mixed as solid fine powders, without the addition of any solvent. Well-defined relative molar ratios of the cation precursors are required to evaluate the relative affinity of the host for the cations present in the sample. It is as well crucial that the density of cations in the desorption plume resembles their original molar ratio in the sample. In our experiments, this is achieved by combining pairs of alkali salts of similar lattice energy in each sample; for instance, LiI/ NaBr, NaI/KCl and KI/CsBr. For the present experiments, equimolar amounts of a-cyclodextrin, the two alkali salts and the 2,5-DHB matrix (2,5-dihydroxybenzoic acid) were mixed in the samples. In this way, the relative gas-phase stabilities of the aCD-M + complexes were obtained from the intensities of the corresponding peaks in the mass spectra.
For the sake of comparison, a MALDI experiment with the conventional dried-droplet method for sample preparation was also carried out. In this case, the aCD was co-dissolved in water/methanol with equimolar amounts of the four alkali chlorides and an excess of the 2,5-DHB matrix. A 2 mL aliquot of the solution was then spotted on the sample plate and the solvent was allowed to evaporate. Since the lattice energy of the chlorides decreases with the size of the alkali, a greater concentration of the heavy cations in the plume is expected. Furthermore, the detection of aCD-M + complexes formed in solution or during the sample precipitation process cannot be ruled out. Such effects hinder the determination of accurate gas-phase affinities with the dried-droplet MALDI method.
ESI-FTICR IRMPD Spectroscopy
Infrared multiple photon dissociation (IRMPD) spectroscopy was performed with a Fourier-transform ion cyclotron resonance (FT-ICR) mass spectrometer coupled to the free electron laser FELIX. [32] The aCD-M + complexes (M = Li, Na, K, Cs) were produced by electrospray ionization (ESI) of 0.1 mm solutions of the a-cyclodextrin and the corresponding alkali chloride salt in water/methanol solvent. Ions were accumulated in a hexapole ion trap and then pulse injected into the ICR cell, where they were mass isolated at room temperature and irradiated with typically 25 FELIX macro-pulses. Each macro-pulse is approximately five microseconds long, has an energy of about 35 mJ, and consists of a train of micropulses with a repetition frequency of 1 GHz. The spectral bandwidth of the radiation amounts to 0.5 % of the central wavelength. A more involved description of typical experimental procedures can be found in ref. [33] .
If the laser infrared wavelength is in resonance with a vibrational mode of the complex, multiple photon absorption occurs leading to the eventual dissociation of the parent ion. The main fragmentation pathway observed for the complexes with K + and Cs + corresponds to the detachment of the cation from the aCD. Fragmentation of the aCD-Li + and aCD-Na + complexes proceeds via cleavage of glycosidic bonds resulting in cationized fragments lacking one or several sugar units, similar to those found with non-resonant far infrared IRMPD in a previous study.
[ 34] IRMPD spectra were obtained by plotting the fragmentation yield, defined as the sum of all fragment ions divided by the sum of all ions, as a function of infrared wavenumber. Since K + is not easily quantified in the FT-ICR spectrometer, the IRMPD spectrum of aCD-K + was recorded by monitoring the depletion of the parent aCD-K + ions as a function of the irradiation wavenumber. In the 970-1200 cm À1 range, the IRMPD spectra have been recorded with a reduced laser energy of 10 mJ per macropulse in order to prevent strong depletion of the parent ions. All spectra have been linearly corrected for the wavelength dependent variations in laser pulse energy. 
Quantum Chemical Calculations
Simulated annealing with the universal force field was applied to generate an ensemble of molecular structures of the aCD-M + complexes. The Materials Studio package was employed for this purpose. [35] The conformations of lowest energy were optimized with density functional theory (DFT) employing the B3LYP functional and the 6-31 + G* basis set. For the Cs + cation, the core electrons were substituted by the Stuttgart/ Dresden effective core potentials. [36] The calculations were carried out with the Gaussian 09 code. [37] The theoretical harmonic IR spectra shown in this work were generated by convoluting the calculated vibrational stick spectrum with a Lorentzian line-shape function with a full-width-at-half-maximum of 15 cm À1 . For comparison with experiment, the computed vibrational frequencies for all the complexes were scaled by a factor of 0.985, which provided a good match with the dominant band in the IRMPD spectra related to the CÀO stretching vibrational modes.
Results and Discussion
MALDI Experiments
The SF-MALDI spectra recorded in this investigation are shown in Figure 2 . In each individual experiment, two alkali cations are brought into competitive interaction with the cyclodextrin, namely, Li + vs Na + , Na + vs K + and K + vs Cs + . The intensities of the aCD-M + complexes in the mass spectra reveal a clear trend of decreasing affinity with increasing cation size. On quantitative grounds, the recorded signals lead to relative abundances of the complexes of 1.00:0.30:0.10:0.05 for the Li:-Na:K:Cs series. It is interesting to notice that these alkali-cation affinities are in qualitative agreement with those determined for cyclofructans with dissociation experiments in an ion trap. [38] Previous electrospray ionization experiments assigning a larger affinity of the b-cyclodextrin molecule towards sodium with respect to all the other alkaline cations [27] are likely to reflect solvent effects rather than a merely gas-phase behavior. While not of relevance to the present study, it can be noticed that a small peak at m/z = 985.3 is observed in the SF-MALDI spectrum of the aCD/Li + /Na + mixture, which corresponds to the deprotonated CD bound to two Li + cations, hence the singly charged adduct [aCD-H + 2 Li]
+ . Figure 2 also shows that the dried-droplet MALDI method leads to completely different results in comparison to solvent free MALDI. In fact, it can be observed that the intensity of the K + and Cs + complexes dominate the dried-droplet MALDI mass spectrum. This can be attributed to solvent effects (detection of ions preformed in solution) and, more importantly, to the enhanced concentration of heavy cations in the plume due to the smaller lattice energy of the chloride precursors.
Finally, it is also worth remarking that the cation affinities obtained with the SF-MALDI method follow the same trend as those derived in earlier studies for the complexes formed by linear polyethers with the same alkali cations. [31] For these latter systems, the higher charge density of the smaller cations and their tighter coordination with the oxygen atoms of the polymer were responsible for the greater affinities under solvent-less environmental conditions. The question arises of whether cyclodextrins display sufficient flexibility for coordination as to lead to a similar rationale of their preferential binding of the smaller cations. The conformational aspects behind this behavior are explored in the remainder of the paper.
Conformation of the aCD-M + Complexes
The key questions faced in the present study are the determination of the optimum binding site of the alkali cations (see Figure 1 ), the rearrangement demanded to the cyclodextrin substrate to accommodate the coordination of its oxygen atoms with the cation, and the potential occurrence of cation size effects that may enhance the affinity for a specific alkali. We analyze these aspects at this point in the light of the predictions of the DFT study. The computational exploration of the conformational landscape of the isolated aCD led to a lowest energy conformer of C 6 symmetry with extended hydrogen-bonding networks along both rims of the cyclodextrin. This conformer is represented in Figure 1 and is in agreement with the one postulated in previous studies with different levels of theory. [18] It can be appreci- Figure 2 . Top: Solvent-free MALDI measurements of aCD complexed with alkali metals. In each spectrum, two cations compete for binding with the cyclodextrin and a trend is observed of decreasing stability of the complexes with increasing cation size. Bottom: Mass spectra obtained with conventional dried-droplet MALDI, yielding stronger signals for the complexes of the larger cations. This latter finding does not reflect the actual gas-phase affinities but it is a result of the greater density achieved for those cations in the desorption plume (see text for details).
ated that the structure of the cyclodextrin is stretched into its characteristic funnel-like geometry by the concerted H-bonding network formed between the longer -CH 2 OH side groups. This molecular structure can be considered a reference for the evaluation of the conformational changes that the cyclodextrin must undergo upon complexation with the alkali cations. The preferential binding site of the alkali cations in the cyclodextrin complexes may a priori be within its primary or secondary faces, as well as towards the cyclodextrin wall or in the inner part of the cavity. In each case a different type of coordination arrangement with the hydroxyl side groups and/or with the oxygen atoms of the sugar cycles or of the glycosidic bonds can be expected to take place. We will see that unspecific binding of the cation on the outside of the cavity, without alteration of the H-bonding network of the substrate, is not energetically favored. In contrast, the general prediction of the present computational survey is that the alkali cations bind on the primary face of the cyclodextrin through multiple coordination with the oxygen atoms of the -CH 2 OH side groups. It will be shown that such prediction is corroborated by the vibrational spectroscopy experiments.
We will first outline the main trends found in the B3LYP/6-31 + G* study taking as reference the results for the aCD-Na + complex. Figure 3 depicts the lowest energy B3LYP conformations for this complex, which are labelled Na1-Na6 in order of increasing free energy. For each of them, a number of close lying stable conformations resulting from minor structural variations of the cyclodextrin backbone and the side groups were also found which will not be discussed here. In the four aCDNa + conformations of lowest energy (Na1-Na4), the cation is located on the primary face of the cyclodextrin. The most stable structure (conformer Na1) corresponds to a C 2 symmetry arrangement in which the cation builds a coordination with four oxygen atoms of the hydroxyl side groups. The next higher conformations feature a three-fold coordination, with the cation either centered or displaced to the side of the primary face (Na2, Na3 and Na4, 2, 8 and 11 kJ mol À1 , respectively). Incidentally, the cation-centered C 3 symmetry arrangement of the Na3 conformation is qualitatively similar to the one found in the alkali complexes of cyclofructans. [38] No further prototypical conformations of the aCD-Na + complex were found within 50 kJ mol À1 above Na1. Conformers Na5 and Na6 represent the most stable types of structures related to the binding of the cation on the secondary face of the cyclodextrin. In conformer Na5 (64 kJ mol À1 ), the cation launches itself on the cyclodextrin wall, where it forms a tight five-fold coordination with three hydroxylic and two glycosidic oxygen atoms. In conformer Na6 (132 kJ mol À1 ), of C 2 symmetry, the cation lies at the center of the secondary face and the coordination involves four hydroxyl groups. In both Na5 and Na6, a marked deformation is induced on the cyclodextrin substrate, which explains the high values of the relative free energies of these conformers.
A similar type of binding hierarchy as the one just described for aCD-Na + was found for the rest of alkali cations, although with some differences in the energetic ordering of the conformers. Figure 4 shows the lowest energy conformers for the Li + , K + and Cs + complexes. It can be appreciated that the size of the cation determines the coordination number and symmetry of the complex. For Li + , a threefold-coordinated structure with the cation displaced to the side of the primary face (Li1, qualitatively similar to conformer Na2) is most stable. The threefold-coordinated arrangements Li2 and Li3, similar to Na3 and Na4, in which the cation occupies a more centered position within the primary face, lie somewhat higher in energy (12 and 18 kJ mol À1 , respectively). Interestingly, the fourfold-coordinated conformation Li4, similar to Na1, is even less stable (29 kJ mol
À1
). This latter trend reverses with increasing cation size, as we have seen above for aCD-Na + . For aCD-K + , the most stable structure K1 is also a fourfold-coordinated arrangement of C 2 symmetry similar to Na1. The threefold-coordinated structure K2, similar to Na2, is significantly higher in energy (16 kJ mol À1 ).
We note in passing that the C 3 conformer (similar to Li1 and Na3) is not stable in the aCD-K + complex. Finally, the larger size of the Cs + cation increases the coordination number of the Figure 3 . Low-energy conformations of the isolated aCD-Na + complex at the B3LYP/6-31 + G* level. In conformers Na1-Na4, the cation binds within the primary face of the cyclodextrin. In the higher energy conformers Na5 and Na6, the cation binds within the secondary face. The values in brackets are the relative free energies of each conformer in kJ mol À1 . The solid-line square drawn on the most stable Na1 structure highlights the fourfold metaloxygen coordination framework. It is worth mentioning that stable inclusion complexes were found for Na + , K + and Cs + , in which the cyclodextrin substrate essentially maintains the C 6 structure and H-bonding networks of its non-complexed form, and the cation coordinates from the inner part of the cavity with all six oxygen atoms of the CH 2 OH primary groups. This type of conformation is illustrated for aCD-Cs + in Figure 4 . These highly symmetric conformations have relative free energies of 36 kJ mol À1 for Cs + , 30 kJ mol À1 for K + and 72 kJ mol À1 for Na + above the corresponding most stable conformations Cs1, K1 and Na1, respectively. The comparably greater stability found in the K + complex arises from the more favourable matching between the size of the cation and the diameter of the C 6 ring arrangement defined by the OH groups. For Cs + , a stable C 6 conformation was also found with the cation bound from the outer part of the cyclodextrin (Cs3 in Figure 4 ). That conformation is in fact more stable (23 kJ mol
) than the inclusion complex with the Cs + cation inside the cavity (Cs4). This can again be interpreted as a size effect, as for Na + and K + that type of conformation was found to be unstable and to relax systematically bringing the cation inside the cavity through the primary face.
The B3LYP results can be employed to rationalize the relative abundances of the aCD-M + complexes in the SF-MALDI experiments described in Section 2.1. Considering the most stable conformations predicted for each cation (Figure 4) , the B3LYP/ 6-31 + G* evaluation of the free energies for the gas-phase cation exchange reactions aCD-M + + Li + !aCD-Li + + M + indicates that these processes are exothermic by 92 and 167 kJ mol À1 for M = Na, K, respectively. The analogous exothermicity for the Cs + complex cannot be determined accurately from the present computations since core potentials are used for the calculation in that case. Nonetheless, stability for the complexes in the order Li > Na > K > Cs can safely be assumed from the B3LYP energetics, which is in agreement with the trend of relative affinities derived from the SF-MALDI experiments.
IRMPD Spectroscopy of the aCD-M + Complexes
IRMPD spectroscopy experiments were performed to characterize the vibrational modes of the isolated aCD-M + complexes. The resulting spectra are expected to provide sensitive probes to determine the most stable binding site of the alkali cations and the overall conformational structure of the complexes. Figure 5 shows the IRMPD spectra recorded for the four aCD-M + complexes in the 900-1500 cm À1 range. The vibrational modes observed within this spectral region correspond to CÀC stretching (900-950 cm À1 ), to CÀO stretching in the sugar rings, the glycosidic bonds, and the CÀOÀH side groups (950-1170 cm
À1
), and to an extended series of complex concerted motions involving CÀOÀH and RÀCÀH bending, as well as CH 2 twisting, wagging and rocking (1200-1500 cm
). + isolated complexes scoped in this study. The bands observed correspond to CÀC stretching modes (900-950 cm À1 ), CÀO stretching modes (970-1200 cm À1 ), and complex concerted motions involving CÀOÀH and RÀCÀH bending, as well as CH 2 twisting, wagging and rocking (1200-1500 cm À1 ). The intensity in the region of the strong CÀO stretching band has been scaled by a factor 0.5 for a better visualization of the weaker bands.
It can be appreciated that the IRMPD spectra of the four complexes share similar features. In particular, the envelope of the intense CÀO stretching band displays a progression of several maxima at roughly the same positions in all cases. The higher wavenumber range associated with the bending motions and the CH 2 deformation modes also displays a similar band progression in the four spectra. This observation already suggests that the four aCD-M + complexes are stabilized in conformationally close structures with similar docking sites of the cation. Hence, no qualitative structural changes appear to take place as a function of cation size. It is shown below that the experimental spectra are consistent with cation binding in all cases within the primary face of the cyclodextrin as predicted by the computed thermochemistry. Figure 6 compares the experimental IRMPD spectrum of the aCD-Na + complex with the harmonic IR spectra predicted by the B3LYP computation for the Na1, Na2, Na5 and Na6 conformers discussed above. The B3LYP spectrum of the lowest energy conformer Na1 reproduces virtually all the fine details of the IRMPD bands and provides an excellent match of the experimental spectrum. The only relevant difference is found for the positions of the higher frequency bands (> 1200 cm À1 ), which are blue-shifted by about 25 cm À1 in the computation.
This suggests that the frequency scaling of the computed vibrational modes involving motions of the light H atoms demands a slightly smaller scaling factor for comparison with experiment than those of the CÀC and CÀO stretching modes. This is actually not unusual since, formally, a different scaling factor is associated with any given vibrational mode. [42] The IR spectrum of the Na2 conformer is also consistent with experiment, although the relative intensities of the peaks within the CÀO band and the CH 2 vibrational progressions are not so accurately reproduced. The B3LYP spectra of conformers Na3 and Na4 (not shown) provide a similar level of agreement with the measured IRMPD spectrum. Hence, a significant (not dominant) contribution to the experiment from conformers Na2, Na3 and Na4 would be consistent with the recorded IRMPD spectrum.
On the other hand, the present experiments do rule out any appreciable population of the conformers associated with a binding of the cation on the secondary face of the cyclodextrin (e.g., Na5 and Na6). The B3LYP spectra for this type of conformers display marked differences with the IRMPD spectrum, which are particularly apparent for the CÀC and CÀO stretching bands. For instance, the CÀC stretching band is blue-shifted for Na5 and red-shifted for Na6 in comparison to experiment. Moreover, the envelope of the CÀO stretching band is significantly more congested for both of these conformers than found in the experiment, leading to peak positions inconsistent with the measurement.
The analysis of the experimental IRMPD spectra for the other cations explored, Li + , K + and Cs + , and their comparison with the B3LYP computation led to a similar conclusion of preferential binding of the cation on the primary face of the cyclodextrin. Figure 7 shows the excellent agreement between the measured spectrum and the computational IR spectrum predicted for the corresponding lowest energy conformer depicted in Figure 4 . In contrast, binding of the cation on the secondary face was systematically found not to be compatible with the observed IRMPD vibrational bands.
Conclusions and Final Remarks
The present experimental and computational study concludes that alkali cations bind preferentially on the primary face of the cyclodextrin, with a weak or moderate distortion of the substrate backbone or the H-bonding network along the secondary face. The optimum coordination of the primary hydroxyl groups with the cations and the relative stability of the C 1 , C 2 , C 3 or C 6 symmetry arrangements of the complexes are determined by the size of the cation, in a qualitatively similar way as in other cyclic sugars [38] and even in polyethers. [39, 40] This scenario lays down a relatively simplified framework for the rationalization of the interaction of the alkali cations with the aCD. The stronger binding of the smaller alkali cations in the isolated aCD-M + complexes results from their higher charge density and tighter interaction with the oxygen atoms of the primary -CH 2 OH groups. In fact, the average OÀM + distance within the coordination shell of the cation increases systematically with cation size, from 1.9 in the most stable Li + Figure 6 . Comparison of the IRMPD spectrum measured for the isolated aCD-Na + complex with the B3LYP IR spectra predicted for the conformers Na1-Na4 depicted in Figure 3 . The vertical grid lines help one follow the band assignments. The intensity in the region of the strong CÀO stretching band (970-1200 cm
À1
) has been scaled in all spectra by a factor of 0.5 for a better visualization of the weaker bands. complex to 3.3 in the corresponding Cs + complex. The shorter coordination distances and the higher charge density compensate for the reduced coordination number found in the complexes of the smaller cations.
Also importantly, the binding of the cation on the primary face of the cyclodextrin leads to a significant exposure of its positive charge both to the interior of the substrate and to the external environment. Since the funnel-like structure of the CD is preserved, access to the cavity through the open secondary face remains facile. Hence, the aCD-M + complex has the potential to constitute a specific inclusion substrate for anionic guests (e.g. carboxylates), [24] with the cation acting as docking site for the negatively charged group of the guest anion. Also importantly, the exposure of the cation to the exterior of the cyclodextrin allows for its partial solvation and can be expected to contribute to the stability of the complex in aqueous or polar environments. It should be remarked that hydration effects are likely to alter the relative stability of the aCD-M + complexes with respect to the gas-phase. On the one hand, the larger cations bound to the cyclodextrin are more exposed to the solvent, so that efficient hydration can take place without alteration of the optimum metal-oxygen coordination in the complex. On the other hand, the hydration energy of the uncomplexed cations is greater for the smaller cations. Both of these effects tend to enhance the stability of the complexes with increasing cation size. The situation is in fact similar to the one found for the inclusion complexes of other macrocycles. [39, 41] The balance between solvation effects and CD-M + intrinsic binding can be expected to shift the preference of cyclodextrins towards the cations heavier than Li + in polar solutions. This would be consistent with the greater abundances of the complexes with Na + and K + among the alkali series arising from the electrospray of aqueous solutions of cyclodextrins and other oligosaccharides. Extension of the present experiments to microsolvated CD-M + ···n H 2 O clusters, probing also the OÀH stretching vibrational modes of the substrate and solvent, could provide relevant information on this topic. Figure 4 . The intensity in the region of the strong CÀO stretching band (970-1200 cm À1 ) has been scaled in all spectra by a factor of 0.5 for a better visualization of the weaker bands.
